We propose a framework of supersymmetric extensions of the Standard Model that can ameliorate both the SUSY Higgs mass problem and the missing superpartner problem. New vectorlike matter fields couple to the Higgs and provide new loop contributions to its mass. New Yukawa couplings are sizable and large supersymmetry breaking is not needed to lift the Higgs mass. To avoid a Landau pole for the new Yukawa couplings, these fields are charged under a new gauge group, which confines and leads to a Hidden Valley-like phenomenology. The Hidden Valley sector is almost supersymmetric and ordinary sparticles decay to exotic new states which decay back to Standard Model particles and gravitinos with reduced missing energy. We construct a simplified model to simulate this scenario and find a viable parameter space of specific benchmark models which ameliorates both of the major phenomenological problems with supersymmetry.
Introduction
The Standard Model Higgs boson, as a weakly interacting scalar particle, introduces a fine-tuning puzzle. Supersymmetry remains an interesting possible resolution for this puzzle, despite increasingly strong constraints [1] . Experimental results pose two significant obstacles to weak-scale supersymmetry as a solution to the fine-tuning problem. The first is the SUSY Higgs mass problem. As is well-known, in the MSSM a 125 GeV Higgs mass requires large loop contributions from stops, either from large A-terms or from very heavy unmixed stop masses (see [2] [3] [4] for early references and [5] and references therein for more recent work). The second is the missing superpartner problem [6] : experimental searches have so far failed to find a single superpartner. (A small subset of the powerful recent searches for squarks and gluinos includes [7] [8] [9] [10] [11] [12] .) A flurry of literature has attempted to solve both of these problems. The Higgs mass problem could be solved with new tree-level interactions beyond the MSSM [13] [14] [15] [16] [17] [18] [19] [20] . It could also be solved by relaxing our finetuning requirements; generating sufficiently large A-terms in the MSSM is an interesting problem in its own right [21] [22] [23] [24] [25] [26] [27] . But another possibility is that stops are not the only important loop contributions: vectorlike matter beyond the MSSM could help raise the Higgs mass, as studied in [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . The missing superpartner problem, on the other hand, is generally addressed by modifying the dominant decays of superpartners. Rparity violation [47] [48] [49] [50] [51] [52] , supersymmetric Hidden Valleys [53, 54] , Stealth Supersymmetry [55] [56] [57] , compressed spectra [58] [59] [60] [61] [62] [63] [64] , supersoft supersymmetry [65] [66] [67] [68] [69] , and theories with multiple invisible particles per decay chain [70] could all provide partial explanations for the absence of obvious signals in the data so far.
Most supersymmetric models beyond the MSSM that provide new interactions to lift the Higgs mass do not dramatically change the superpartner cross sections or decay chains in a way that can evade direct searches. Similarly, most models that alter superpartner decay chains to evade the missing superpartner problem do not involve interactions that lift the Higgs mass. As a result, these two problems are usually treated as independent: attempts to construct natural SUSY models that agree with all existing data generally involve multiple modules that solve different problems.
In this paper we explore a scenario that can ameliorate both the SUSY Higgs mass problem and the missing superpartner problem. This way of lifting the Higgs mass has been previously studied by Babu, Gogoladze, and Kolda [30] and by Martin [35] , but it deserves renewed attention in the current phenomenological context in which we know the Higgs mass and that superpartner signals are absent so far. The idea is to add new vectorlike matter fields that couple to the Higgs and provide new loop contributions to its mass as studied in refs. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . The new matter fields are Ψ u ,Ψ d in SU (2) L doublets and Ψ,Ψ in SU (2) L singlets. Then they admit supersymmetric mass terms (µ-terms), W ⊃ mΨ uΨd + m ΨΨ, but (for appropriate hypercharge choices) they can also have Yukawa couplings to the Higgs fields:
If the Yukawa couplings λ u,d are fairly large, and also the supersymmetry breaking contributions to the masses of the new particles are of the same order as the supersymmetric masses m, m , then the threshold corrections to the Higgs quartic induced by integrating out these new particles can be significant. All the new particles are near the weak scale, and they are interesting targets for collider searches.
The large Yukawa coupling λ u,d is crucial to lift up the Higgs boson mass. For example, Martin pointed out that λ u ∼ 1 can be obtained naturally for several representation of Ψ's under SU (3) C × SU (2) L × U (1) Y [32] . However, when the Yukawa couplings λ u,d are larger than that value, we encounter one problem: renormalization group running of these couplings hits a Landau pole immediately. A possible solution to this problem is to introduce a new gauge interaction to the new particles [30, 35, 38, 42, 44] (a variation with a new spontaneously broken gauge group was considered in [71] ). As discussed in [35] , this gauge group confines and leads to a Hidden Valley-like phenomenology. The author of [35] assumed that SUSY breaking in the Hidden Valley sector is of the same order with that in the ordinary sector. Instead, we consider that the Hidden Valley sector is almost supersymmetric, as in Stealth Supersymmetry [55, 56] , which is naturally realized by viable mechanisms of SUSY breaking such as gauge mediation [72] and gaugino mediation [73, 74] . Then, ordinary superpartners decay to exotic new states decaying back to Standard Model particles and gravitinos with reduced missing energy. This is essential for hiding supersymmetry at the LHC. We propose specific benchmark models and will publicly release tools based on a simplified model to simulate this scenario, which will facilitate experimental searches.
The rest of the paper is organized as follows. In section 2, we present our framework and analyze the effect on the Higgs mass in specific models. We show a parameter space which can explain the correct Higgs mass without a Landau pole problem. We assume a relatively low cutoff scale compared to the usual scale of the gauge coupling unification. This can be justified by considering multi-fold replication of the SM gauge groups which realizes the accelerated unification and naturally leads to gaugino mediation as the SUSY-breaking inputs in the present framework. From this background, we consider new vectorlike fields which respect the unification. In section 3, Hidden Valley spectroscopy is firstly discussed. We then present a simplified model for collider phenomenology which will be useful for later discussions. We also analyze the effect on Higgs decays. In section 4, we use the SARAH code to give detailed numerical results for some benchmark models. In section 5, we demonstrate that the models hide from existing searches by showing some exclusion curves. We also comment on phenomenology of the vectorlike fields. In section 6, we conclude and comment on future directions including the possibility of multi-fold replication of the SM gauge groups.
Raising the Higgs mass
We here explain our framework with new loop contributions to the Higgs mass. Then, we present specific models and calculate the Higgs mass from the Coleman-Weinberg potential. We plot a parameter space which can explain the correct Higgs mass without a Landau pole problem.
New loop contributions
The minimal supersymmetric extension of the Standard Model generally predicts a light Higgs mass. To obtain the observed 125 GeV Higgs mass in the MSSM, we need a significant correction to the Higgs quartic coupling from top/stop loops, This introduces a very large number of new parameters, so we will make some simplifying assumptions. We have a global symmetry SU (F ) 1 ×SU (F ) 2 under which Ψ i andΨ i transform as (F, 1) and (1,F ) respectively. The couplings to the Higgs bosons inevitably break the symmetry: the Yukawa couplings in W VL transform as spurions in the (F , 1) and (1, F ) representations of the full SU (F ) 1 × SU (F ) 2 . We will take the A-terms and the Yukawa couplings to be aligned, which could be justified by gauge or gaugino mediation models. Then a global SU (F − 1) 1 × SU (F − 1) 2 symmetry is preserved by these terms:
In other words, we will assume that Ψ 0 andΨ 0 are the only Standard Model singlets charged under SU (N ) H that couple to the Higgs fields. (In the presence of the λ's alone, this would simply be a choice of label; in the presence of both λ's and A's, it is an assumption about the physics of SUSY breaking-made purely for simplicity.) Now that we have already singled out Ψ 0 andΨ 0 as different from the other Standard Model singlets, let us consider an ansatz for the mass terms that is as simple as possible while still allowing these two fields to play a possibly different role than the others: 
This ansatz, taken together with (7), implies an unbroken SU (F −1) diagonal symmetry. It assumes that the two fields Ψ 0 andΨ 0 which couple to the Higgs pair up through a vectorlike mass. This assumption is made largely to avoid becoming burdened with too many arbitrary choices of parameters to consider, although one could try to justify it in a UV completion. The fields Ψ i andΨ i with i = 1, . . . F − 1 transform in the fundamental and antifundamental, respectively, of the unbroken SU (F − 1) symmetry. This ansatz for the soft masses (including b-terms) will arise in gauge or gaugino mediation, which guarantees universality of (for instance) them which case the mass terms alone leave an SU (F ) diagonal symmetry unbroken and only the couplings to the Higgs further break it to SU (F − 1). Because our ansatz leaves a large symmetry group unbroken, it can lead to unwanted stable particles in the theory. In practice, then, we will use this ansatz as a simplifying assumption in discussing the ColemanWeinberg potential and the renormalization group equations. For phenomenological purposes, we will assume small variations in the mass terms for different flavors that break all remaining flavor symmetries and allow all particles in the fundamental representation of SU (N ) H to eventually decay to the lightest such particle. Such an approximate symmetry that is slightly broken could be produced in a variety of UV completions. a simple computation based on the 1-loop effective Kähler potential [82] gives
More general expressions can be derived, but are not very enlightening; for instance, retaining the effective Kähler potential approximation (i.e. small SUSY breaking) but allowing the various masses to differ, one finds that the up-type Higgs quartic coupling is
These analytic approximations are mostly useful to highlight some important qualitative points. The expressions scale as SUSY-violating mass squared terms divided by SUSY-preserving mass squared terms. Thus the SUSY-breaking splittings must not be too small, in order to produce a large effect. Recall that, if the light Higgs is mostly H u , the measured Higgs mass requires a quartic coupling V ⊃ λ|H| 4 with λ ≈ 0.13. The equation (11) gives a contribution of ≈ 0.05 to λ when N = 3, λ u ≈ 2, andm 2 ≈ 1 2 m 2 . This shows that achieving a sizable effect on the Higgs properties will require a large Yukawa coupling λ u in the superpotential.
Let us now be more quantitative. We have plotted the shift in the Higgs mass in Fig. 1 . For a different perspective on the same result, in Fig. 2 . Then we solve the one-loop Standard Model RG equation to run down to the electroweak scale and find a physical Higgs mass. This approximation resums the leading large logarithmic terms that are important at large stop mass. We have greatly simplified the spectrum in the plot by fixing all soft masses to be equal at M SUSY , which gives a good guide for the qualitative size of the effect. In later sections we will run RGEs from a higher scale and use the complete Coleman-Weinberg potential. Finally let us comment on higher-order corrections on the Higgs boson mass. Although they could be calculated thanks to recent development of SARAH code [83] [84] [85] , for the discussion of phenomenology such as collider signals, the most important uncertainty comes from uncertainty of confinement scale. Thus, in this paper, we simply take one-loop correction and neglect this uncertainty.
Avoiding Landau poles
A new gauge interaction keeps the running of the new Yukawa couplings from hitting a Landau pole. The new gauge dynamics finally confines. We investigate a viable region of the confinement scale Λ and the Yukawa coupling λ u where the Landau pole problem is avoided. For numerical analyses, we consider the 2-loop RGEs by using the SARAH code [86, 87] . We ignore SUSY breaking and assume m 0 = m = m = M for simplicity of the analyses. After integrating out the vectorlike fields, the effective theory is pure SUSY Yang-Mills and the (canonical, rather than holomorphic) gauge coupling below the vectorlike mass scale at two-loop level is given by
where b 0 = 3N and b 1 = 3N 2 [88] . Note that this expression is renormalization scheme independent and enables us to know the value of the gauge coupling at the vectorlike mass scale. Then, we can judge if the theory with the vectorlike fields hits a Landau pole or not until some UV scale when we fix a confinement scale (and a Yukawa coupling λ u at the vectorlike mass scale). Figure 3 shows the allowed (white) region of the coupling λ u at the vectorlike mass scale and the confinement scale Λ where the Yukawa coupling λ u and the gauge coupling g h do not hit a Landau pole until 10 8 , 10 7 , 10 6 GeV (from left to right). The number of SM singlets is F = 2 in the upper two panels and F = 3 in the lower two panels. The supersymmetric masses of the vectorlike fields are taken to be m 0 = m = m = M = 300 GeV in the left panels and m 0 = m = m = M = 500 GeV in the right panels. The Yukawa coupling λ d at the vectorlike mass scale is assumed to be zero. From these figures, we can know a lower bound of the confinement scale Λ for a fixed value of the Yukawa coupling λ u . The bound is weaker as we lower the UV cutoff scale. Smaller supersymmetric masses of the vectorlike fields also contribute to lowering the bound of the confinement scale. The lower bound for F = 3 is weaker than that for F = 2. To obtain the correct Higgs mass, a relatively large Yukawa coupling is required, λ u ∼ > 1.5. In the lower right panel of Figure 3 , for example, we can see that this is realized when the confinement scale is Λ ∼ > 10 GeV for a cutoff scale 10 6 GeV. We will use these results in later sections. We have assumed a relatively low cutoff scale 10 6,7,8 GeV compared to the usual scale of the gauge coupling unification around 10
16 GeV. This can be justified by considering multi-fold replication of the SM gauge groups which naturally leads to gaugino mediation as the SUSY-breaking inputs in the present framework. We will further comment on this possibility in the final section although the detailed analyses are left for future work. 
Phenomenology with the Hidden Valley
In this section, spectroscopy of the Hidden Valley in our scenario is discussed. We try to specify the glueball and gluinoball spectra. We then present a simplified model for collider phenomenology with the Hidden Valley which will be useful for later discussions. We analyze how the lightest neutralino and the Hidden Valley particles decay by using the presented simplified model. We also investigate the Higgs boson decays. Figure 4 : One of the microscopic interactions responsible for decays of R-parity odd particles into the hidden sector. Replacing the Higgs boson by its VEV, this becomes a decay of the neutral higgsino to a hidden-sector gluon and gluino.
Phenomenological possibilities
The basic scenario we have described will always raise the Higgs boson mass and lead to cascade decays of supersymmetric particles into the dark sector, proceeding through one-loop interactions like the one depicted in figure 4 . However, the precise details of the phenomenology depend on several choices we can make in constructing the scenario, including:
• Stealth SUSY or not. If SUSY breaking is mediated only weakly to states with no Standard Model charges-as in gauge or gaugino mediation via messengers that have SM charges but no SU (N ) h charge-the hidden sector can be nearly supersymmetric. This gives a realization of Stealth Supersymmetry. Even if SUSY is mediated directly to the hidden sector, bounds on superpartners could still be weaker as the missing energy can be diluted by the number of particles, as in Hidden Valley scenarios [54] or some regions of the NMSSM [89] .
• Parton showers versus simple decays. If the mass of the LOSP (lightest ordinary superpartner) is much larger than the confinement scale in the hidden sector, we should think of its decays in terms of the unconfined theory, e.g.χ 0 → g hgh . The emitted hidden-sector gluinos and gluons can then radiate additional hidden gluons, leading to a high-multiplicity final state parton shower as illustrated in figure  5 . Once the confinement scale of the hidden sector is reached, the many partons confine into a large number of bound states. On the other hand, if the mass of the LOSP is near the confinement scale of the hidden sector, the decay will involve just a few particles, e.g.χ 0 → SS (S S ),χ 0 → ZS, or χ 0 → hS, where S (S ) andS (S ) are bound states of hidden gluons (see section 3.3).
• Light SU (N ) h fundamentals or not. If the particles Ψ i that transform as fundamentals of SU (N ) h and have no Standard Model charge are light, the confining hidden theory can be QCD-like rather than a theory of pure glue. In particular, there may be light pion-like bound states. On the other hand, if all of the Ψ particles have weak scale masses, there will only be bound states of hidden gluons and gluinos.
• Flavor-blind mediation or not. The simplest ways of mediating SUSY breaking treat all the Standard Model flavors equally. This is appealing from the point of view of constraints on FCNCs, but due to direct search bounds on squarks (even in the scenario we consider) it pushes the theory into a somewhat fine-tuned regime. A variation could consider models that treat the third generation differently from the first two, as in Natural SUSY [90, 91] .
In this paper we will consider one of the simplest possibilities: gaugino mediation gives a flavor-blind scheme that mediates to the SM and not the hidden sector, realizing Stealth SUSY. We work in a regime where the confinement scale is large enough compared to the LOSP mass that we can approximate the leading decays as involving a few particles rather than a parton shower. This case is illustrated in figure 6 . Finally, because the mediation scheme we consider will tend to produce tachyonic scalars with SU (N ) h charges if we try to arrange for light SU (N ) h fundamental fermions, we consider the case of a pure-glue hidden valley. However, we emphasize that other choices in model-building can lead to different phenomenology. In particular, it would be appealing to construct a version of this idea realizing Natural SUSY, in which stops are light but first-generation squarks are much heavier. It would also be very interesting to consider the case where hidden-sector parton showers and jet physics play a role in the signals. : A squark decay process in the scenario where the confinement scale is sufficiently large that we should think of the decay as directly into composite states. In this case, we obtain a decayχ 0 → bbbbG, again with a soft gravitino through the Stealth SUSY mechanism and with pairs of b-jets reconstructing the scalar S or S . This scenario is the focus of our work in this paper.
The Hidden Valley spectroscopy
To estimate the spectrum of confined states, we use results of lattice computations. Unfortunately, lattice results are not always presented in a manner that allows transparent comparison to perturbation theory. By solving RGEs, we can obtain a perturbative estimate of the confinement scale Λ M S in the M S scheme, as in equation (13) . On the other hand, the lattice can compute the spectrum of massive states of a theory in units of a nonperturbative quantity like the string tension σ or the Sommer scale parameter r 0 , defined by F (r 0 )r 2 0 = 1.65 where F (r) is the force at distance r determined by the static potential [92] . Given masses quoted in such a nonperturbative scheme, we need to know how to match to perturbation theory, for instance by knowing the value of the dimensionless number r 0 Λ M S . This requires a matching calculation that depends on the particular theory in question. For QCD-like theories with zero or two flavors, the quantity r 0 Λ M S has been computed and is ≈ 0.6 in both cases [93] . In the absence of such a matching calculation for a general theory, we will quote masses based on the estimate r 0 Λ M S ≈ 0.6 as well as a range 0.4 ≤ r 0 Λ M S ≤ 0.9, multiplying and dividing by 1.5 to capture possible variations in the matching for non-QCD-like theories. Because our goal is to highlight the broad LHC signatures in a simplified model framework, rather than to give numerically precise details of the masses and couplings, this order-one uncertainty is acceptable.
We assume that the vectorlike fermions all have masses significantly larger than the confinement scale, m , m 0 Λ. In this case we have a pure-glue Hidden Valley, either nonsupersymmetric or with approximate N = 1 supersymmetry depending on the relative size of the gaugino mass m λ and the confinement scale Λ. The phenomenology of nonsupersymmetric pure-glue Hidden Valleys has been discussed in refs. [94, 95] , building on lattice gauge theory results for the spectrum of pure Yang-Mills theory [96, 97] . The lightest glueball is a 0 ++ state with mass 4.2r The N = 1 supersymmetric Yang-Mills spectrum has only recently begun to come under control on the lattice [98] [99] [100] [101] [102] , with a reliable extrapolation to m λ = 0 showing a mass-degenerate lightest supermultiplet as expected. This supermultiplet, which mostly overlaps the multiplet containing the "gluinoball" operator λλ, has a mass of about 2.7r −1 0 , while the heavier supermultiplet (mostly overlapping the "glueball" operator Tr G
2 ) has a mass of about 3.3r
0 . These translate to 4.5Λ M S and 5.5Λ M S with the central estimate for
Again, there is an order-one matching uncertainty attached to these numbers. Notice that the glueball (and gluinoball) masses are, on a logarithmic scale, closer to 10Λ M S than to Λ M S . This is an important point: even if the RGE estimate is that the confinement scale is significantly below the scale of superpartner masses, the actual masses of confined states may not be so light. If MSSM superpartners decay to hidden-sector particles that are confined, there may be relatively little room for a parton shower to produce high-multiplicity final states unless Λ M S is quite low.
The simplified model of Hidden Valley phenomenology
We now present a simplified model of the Higgs and Hidden Valley fields for collider phenomenology which will be useful for later discussions. Let us concentrate on two of the lightest supermultiplets, discussed above, containing the gluinoball and glueball operators. The simplified model has two SM singlet chiral superfields denoted as S and S . We can roughly identify S as the gluinoball chiral superfield,
and S as the glueball chiral superfield whose lowest component is proportional to Tr (F µν F µν ). The effective description of the gluinoball and glueball supermultiplets is still unclear although some attempts have been known (see e.g. [103] ). Then, it is important to note that our simplified model does not mean the effective theory of the pure supersymmetric Yang-Mills theory after the confinement, but this treatment is sufficient for our purpose. The simplified model is useful when there is no high multiplicity of exotic new states in decays of ordinary sector particles. The superpotential of our simplified model is given by
The first term is the usual µ term and the second is the coupling between the Higgs and the Hidden Valley fields generated after integrating out the vectorlike matter fields as we will see below. The next three terms represent the supersymmetric masses of the gluinoball and glueball multiplets. From the discussion in the previous subsection, we assume the sizes of the mass parameters as
The two multiplets S and S mix significantly and thus we assume the mixed mass parameter m SS is of the same order. The coupling of the cubic term is estimated as κ ∼ 4π by using Naive Dimensional Analysis (NDA) [104] . The hidden gluino mass induces SUSY-breaking mass splittings in the gluinoball and glueball supermultiplets. The small gluino mass can be accommodated in terms of the θ 2 component of the holomorphic coupling. Since the confinement scale depends on the holomorphic coupling, Λ also gets a θ 2 component. As in (16) , the supersymmetric mass parameters are determined by the confinement scale and they are expected to obtain nonzero F components. Therefore, we here assume
wherem S ∼m S originally come from the gluino mass. With these nonzero F components, the squared masses of the singlet scalars are m S (m S ±m S ) and m S (m S ±m S ). Here, we have ignored the second and third terms in the superpotential (15) . Note that one scalar is heavier and the other is lighter than the fermion in each supermultiplet. When the hidden gluino mass is much larger than the confinement scale, this spurion argument is not appropriate. However, the mass of the composite which contains the gluino as a constituent is almost determined by the gluino mass in this case. Then, at least one scalar, the glueball, is lighter than the gluino-glue fermion. Therefore, in the following discussions, we assume that one scalar is always lighter than the gluino-glue fermion. For the Higgs fields, there are the usual soft terms such as the quadratic mass parametersm and the b µ term. Although we can introduce F components into the other terms in the superpotential, we do not consider them just for simplicity.
The interaction strength between the Higgs sector and the singlet chiral superfields can be estimated by comparing amplitude calculations in terms of the gauge theory and the presented simplified model. For the gauge theory side, the effective interactions between the Higgs sector and the new gauge fields are generated after integrating out the vectorlike fields. We assume just for simplicity that m ∼ m 0 and all soft masses of the vectorlike fields arem 2 . Then, consider the following two cases: where the λ d coupling is sizable,
To know the effective interactions between the Higgs fields and the gauge fields, we integrate out the vectorlike fields supersymmetrically. The gauge coupling of the low-energy effective theory depends on the Higgs vevs from which we can extract the effective interactions. With the canonically normalized gauge kinetic term, the coupling between the Higgs sector and the hidden gauge field is given by the dimension-six operator,
where τ (µ) = 
where v 246 GeV is the Higgs vev. First, consider the gauge theory calculation. Using the dimension-six operator (18) , the decay amplitude of the 0 ++ state via 0 ++ → h * → ζζ (ζ denotes a SM particle) can be calculated as
where y ξ is the Yukawa coupling of a SM fermion ξ, F 0 ++ is the 0 ++ decay constant and m 0 ++ is the mass of the lightest scalar 0 ++ . On the other hand, in the simplified model, the same decay amplitude can be estimated as
where we have used the scalar trilinear interaction,
, in the simplified model Lagrangian. We can replace the mass parameter m SS to m S in this expression although the qualitative result is unchanged. Then, comparing these two amplitudes, we obtain
In the nonsupersymmetric case, the lattice result [97] tells us that g It is important to note that this coupling is proportional to λ d in this case. We concentrate on this case in the rest of the discussions of this section although we briefly look at another case just below.
The case with
When λ d is tiny and the soft breaking terms of the new vectorlike fields are not small, the effective interaction (18) is negligible but other interactions are generated after integrating out the vectorlike fields. They include the effective interaction between the Higgs and the glueball scalar. By using a SUSY-breaking spurionm 2 θ 4 , we can write the following operator at the leading order of the soft breaking parameter,
where D α is the superspace derivative. The coefficient has been estimated by NDA. This operator includes the interaction H † u H u Tr F µν F µν which corresponds to the hard breaking term S H † u H u in the simplified model. Note that the Higgs enters into the expression with the combination H † u H u unlike the previous case. We can estimate the size of the (dimensionful) coupling of S H † u H u by comparing the calculations of the decay of the glueball 0 ++ to a pair of SM particles in terms of the gauge theory and the simplified model as before. When we assume that λ u = 1.5, the masses of the vectorlike fields are m = m 0 = 300 GeV, the soft breaking parameter ism 2 = (300 GeV) 2 and m 0 ++ = 50 GeV, this coupling is estimated as ∼ 0.06 GeV.
Moreover, for the gluino-glue fermion, we find the effective interaction with the Higgs and higgsino. At the leading order of SUSY breaking, we can write
Note that this operator also does not include the down-type Higgs or higgsino and corresponds to the hard breaking term in the simplified model. The interactions between the Higgs sector and the Hidden Valley fields have an important role in hiding supersymmetric particles at the LHC. Figure 7 : Decays of the neutral higgsino to singlet plus singlino, higgs plus singlino, or Z plus singlino, and of the charged higgsino to W plus singlino.
The LOSP decaỹ
In our framework, we assume low-scale SUSY breaking at 10 − 100 TeV, and the lightest supersymmetric particle (LSP) is the gravitino. The lightest ordinary supersymmetric particle (LOSP) is assumed to be the higgsino-like neutralinoχ 0 1 and then the LOSP decays to exotic new states through the interactions between the Higgs and Hidden Valley sectors, as depicted in figure 7 . Details of such decays arising through a superpotential interaction λ S SH u H d are computed in ref. [57] . However, in our case there is an important difference: the composite states are strongly coupled to each other through operators like κS 3 . This means that the decayχ 0 → SS will be the dominant decay process: it proceeds through the higgsino-singlino mixing and then a coupling of order 4π. This distinguishes the decays in our scenario from those in other Stealth SUSY SH u H d models considered in the past that had small values of κ [55] [56] [57] , for which this decay is usually subdominant or at most an order-one fraction of the decays. However, the case whereχ 0 → SS dominates has been studied in ref. [105] .
Higgsinos come in a nearly-degenerate multiplet:χ /M 2 , which may be 5 − 10 GeV for M 2 ∼ TeV and µ ∼ 100 GeV. As a result, even the heavier states in the multiplet may decay directly to the singlino rather than to the LOSP:χ ± → W ±S pays the price of a small coupling λ S butχ ± → W * ±χ0
1 is a three-body decay that is highly phase-space suppressed. The decay width ofχ
where mχ0 1 is the lightest neutralino mass and the hidden gluino-glue mass is ignored. In our setup, κ is assumed to be ∼ 4π and mχ0 1 is O(100) GeV. Thus, the dominant decay of the LOSP is given byχ 0 1 → SS, SS , S S , S S . With a typical size of the λ S coupling, the decay is prompt. When the confinement scale is large, the Higgs or the gluino-glue fermion becomes offshell in this decay process. In this case, the width gets a phase space suppression. The produced gluino-glue fermion decays to the gravitino and the lighter glueball/gluinoball scalar which decays back to SM particles as we will see next.
The hidden glueball/gluinoball decays
Let us now consider decays of the hidden glueball and gluinoball scalars to a pair of SM particles. They decay through the interactions between the Higgs and the Hidden Valley fields. For the 0 ++ states, we have already estimated the amplitude in terms of the simplified model as in (21) . Then, the width of the 0 ++ decay to a pair of SM particles is denoted as . Then, with λ S = 10 −3 , the decay length of the 0 ++ states is estimated as cτ 0 ++ ∼ 0.1 µm, which is not so displaced to be observed at the LHC. The hidden glueball and gluinoball scalars can decay into a pair of SM gauge bosons through loops of the vectorlike fermions. However, since the decay width is proportional to a high power of the confinement scale and suppressed by the vectorlike masses, this mode is subleading in the present scenario where the confinement scale is much smaller than the vectorlike masses.
While the pseudoscalars 0 −+ cannot decay through the dimension-six operator in the nonsupersymmetric theory [95] , they are possible in the present supersymmetric theory through the CP odd Higgs boson as
The decay width is estimated as
by using the interaction terms, [107] . Then, the decay length is estimated as cτ 0 −+ ∼ 1 nm where we have taken m A = 300 GeV. The decay into a pair of SM gauge bosons through loops of the vectorlike fermions is suppressed as discussed above.
The decays of gluino-glue fermions
The lightest hidden gluino-glue fermion decays to the gravitino LSP and the glueball or gluinoball scalar which decays to a pair of SM particles as discussed above. When the hidden gluino mass is small, the mass splitting between the scalar and the fermion in the glueball or gluinoball supermultiplet is also tiny. In this case, the missing energy is reduced, which contributes to hiding supersymmetry at the LHC as proposed in Stealth Supersymmetry [55, 56] . The decay width is given by 
where √ F is the SUSY-breaking scale and δm is the mass splitting between the scalar and the fermion, both of which suppress the decay width. The gravitino mass is given by m 3/2 = F/ √ 3M Pl . If there is some mass hierarchy between the two gluino-glue fermions, the heavier fermion possibly decays to the lighter one and a pair of SM particles through the offshell Higgs. The dominant mode isS 2 →S 1 h * →S 1 ζζ whereS 1 and S 2 are the lighter and heavier fermions respectively. The decay width can be estimated as
where δmS = mS are the lighter and heavier gluino-glue fermion masses. We have used the cubic term in the superpotential of the simplified model (15) . When we take mS 1 = 50 GeV, mS 2 = 60 GeV and λ S = 10 −3 , the widths of the heavier gluino-glue decay to the gravitino and the lighter gluino-glue are of similar order. Therefore, the heavier gluino-glue fermion decays to the lighter one with a pair of SM particles as well as the gravitino. In the rest of discussions, we assume that the mass splitting between the two gluino-glue fermions is small and do not consider this decay mode.
The effect on Higgs decays
Decays of the SM-like Higgs boson in our framework may deviate from those of the SM. First, we consider the Higgs decay to two photons, h → γγ. Particles with SM electroweak quantum numbers coupling to the Higgs boson potentially induce measurable changes to the Higgs branching ratio to two photons through their loop effects. However, there are no mass terms of the electrically charged vectorlike fields which depend on the Higgs vev. Therefore, there are no important contributions to h → γγ from new exotic particles in the present setup.
Next, we look at the Higgs decay to a pair of (offshell or onshell) Hidden Valley particles. The branching fraction of h → 0 ++ 0 ++ is constrained by the global fit of the signal strength of h → γγ, W + W − , ZZ, bb and ττ indirectly. Since we assume that the width of the Higgs decay to SM particles is the same as that of the SM, Br(h → 0 ++ 0 ++ ) < 0.19 should be satisfied at 95% C.L. [108] . The Higgs decay to two glueball or gluinoball scalars is given by the interaction terms,
2 , in the superpotential of the simplified model. The branching fraction of h → 0 ++ 0 ++ is denoted as
where
MeV for m h = 125 GeV which is calculated by HDECAY [109] . In this expression, the decay rate of the Higgs to two onshell glueball or gluinoball scalars is given by
Then, we obtain Br(h → 0 ++ 0 ++ ) ∼ 0.17 when we take κ = 4π, λ S = 10 −3 and m 0 ++ = 50 GeV. Although direct probes of h → 0 ++ 0 ++ are also possible, the present bound is not so strong. The glueball or gluinoball scalar 0 ++ mainly decays into a pair of bottom quarks via mixing of the SM Higgs boson. Therefore, the dominant exotic mode is h → 0 ++ 0 ++ → 4b. However, there are large QCD backgrounds and no limits exist at present. The decay to 2b2τ is possible but there seem to be no experimental searches for this mode. The LHC multilepton searches weakly constrain the branching ratio of the Higgs decay to 4τ as Br(h → 4τ ) 20% [110] . Therefore, we concentrate on the decay, h → 0 ++ 0 ++ → bbµ + µ − where 0 ++ is onshell. The decay to offshell glueball or gluinoball scalars is too suppressed to be observed. Then, the branching ratio of the decay mode h → bbµ + µ − is given by
The branching fractions of the 0 ++ decays are given by those of the Higgs boson decays by taking the Higgs boson mass as m 0 ++ . Then, we obtain Br(h → bbµ + µ − ) ∼ 7 × 10 −5 when we take κ = 4π, λ S = 10
and m 0 ++ = 50 GeV. Here, Br(0 ++ → bb) = 0.87 and Br(0 ++ → µ + µ − ) = 2.4 × 10 −4 are calculated by HDECAY [109] . Due to smallness of the branching ratio Br(0 ++ → µ + µ − ), this is lower than the projected upper bound that could be achieved with Run 1 LHC data, Br(h → bbµ + µ − ) 10 −4 [110] . The sensitivity to this channel is expected to reach few × 10 −5 at 14 TeV LHC with L = 3000 fb −1 [111] . Although these exotic decays of the Higgs boson are not yet very constrained by current data, they will be a very important probe of the scenario during the LHC's Run 2 that is complementary to direct searches for superpartners.
RGEs and benchmarks
In this section we give detailed numerical results for some benchmark models by using the SARAH codes [86, 87] . As the initial condition of SUSY breaking, we consider the situation where the Hidden Valley sector is supersymmetric at the mediation scale. This can be realized by low-scale gauge mediation [72] with only SM charged messengers or low-scale gaugino mediation [73, 74] . We here focus on gaugino mediation from a relatively low scale, that is, we assume nonzero masses for the MSSM gauginos and vanishing scalar masses. The initial gaugino masses have to be large enough for the scalar superpartners of the SM fermions to avoid the current LHC bound. The Hidden Valley sector is supersymmetric and the hidden gluino mass is zero at the mediation scale. The soft SUSY-breaking masses of the hidden gluino and the new vectorlike scalar fields are generated by the renormalization group effects. At one-loop level, the terms including the MSSM gaugino masses or the new Yukawa couplings give dominant contributions to the vectorlike scalar masses,
where g h is the hidden gauge coupling and c is some numerical constant. This two-loop contribution is included in all of the soft masses of the vectorlike scalar fields and is not negligible because g h is large in our setup. In fact, if λ d 1, the above term becomes dominant in the RG equation ofm 2 0 . On the other hand, the one-loop beta function of the hidden gluino mass is proportional to itself which is zero at the mediation scale. However, the two-loop beta function includes the following term which is proportional to the MSSM gaugino masses:
wherec i 's are some numerical constants. Thus, the hidden gaugino mass is generated from the two-loop level but suppressed compared to the MSSM gaugino masses.
1
In Table 2 , we show four benchmark model points (A), (B), (C), (D) to study in more detail at colliders below. For (A) and (B), we take the number of the singlets as F = 2 while F = 3 for (C) and (D). The mediation scale M m is taken to be 50 TeV and 100 TeV for (A), (C) and (B), (D) respectively. The MSSM gaugino masses at the mediation scale are M 1 = M 2 = M 3 = 2100 GeV. The λ d coupling is 0.5. The confinement scale, which determines the hidden gauge coupling at the low scale, is taken to be 10 GeV for all the points. The table shows the numerical results of the Bino, Wino and gluino masses M 1 , M 2 , M 3 , the (tachyonic) up-type Higgs soft mass − |m 2 Hu |, the down-type Higgs soft mass m H d , the 1st generation squark masses m q1 , mū 1 , md 1 (the 2nd generation squark masses are almost the same), the 3rd generation squark masses m q3 , mū 3 , md M λ , the scalar masses of the new vectorlike pair of doubletsm u ,m d and tripletsm f ,m f , the (tachyonic) scalar masses of the vectorlike pair of SM singlets which couples to the Higgs |m 2 0 |, |m 2 0 |, and the (tachyonic) scalar masses of the vectorlike pair of SM singlets without Higgs couplings |m 2 |, |m 2 |. Due to the supersymmetric initial condition of the hidden gauge sector, the hidden gluino mass and the soft scalar masses of the new vectorlike fields coupling to the Higgs are relatively small, but for all four cases, the correct Higgs mass is obtained because the new Yukawa coupling is sizable as we discussed before. However, some of the scalar soft masses of the vectorlike fields are tachyonic. This can be seen from (38) where a sum rule among the scalar masses of the vectorlike fields is satisfied at low energies. The SM charged vectorlike scalar masses always get positive contributions from the MSSM gaugino masses at one-loop level, Then, the singlet scalar masses are driven to tachyonic. To avoid spontaneous breaking of the hidden gauge group, we take the supersymmetric mass parameters of the singlets as m 0 = m = 500 GeV. The other supersymmetric masses of the vectorlike fields are also m = M = 500 GeV. For all the points in Table 2 , the new Yukawa coupling λ u and the gauge coupling g h do not hit a Landau pole until at least 10 6 GeV. The contributions Figure 8 : Constraints on the mg-mq plane from an ATLAS large jet-multiplicity search [7] . We take mLOSP as 150 GeV for red lines and 250 GeV for blue lines and δm as 10 GeV for solid lines and 30 GeV for dotted lines. In this figure, we take ms as 50 GeV and assume the Bino and Wino are heavier than the gluino for simplicity of the analysis.
to the S and T parameters from the new vectorlike fields are given by [32] ∆S ≈ 0.02
where we have assumed m = m 0 and sin β ≈ 1. They are within the experimental bound at 95% CL. If we have another contribution to the S parameter, constraints on λ u and m are more relaxed. Let us comment on fine tuning for the electroweak breaking in the present scenario. We have assumed a low mediation scale to realize the mass hierarchy between the scalar masses and the MSSM gaugino masses. As the mediation scale is larger, the hierarchy vanishes. While the tachyonic up-type Higgs soft mass is driven by the stop mass, the large Bino and Wino masses give a positive one-loop contribution to the up-type Higgs mass whose absolute value at the electroweak scale is reduced.
Collider phenomenology
In this section, we discuss the present status of our scenario. As we have seen in Section 3, the Hidden Valley sector contains the glueball and gluinoball supermultiplets. For collider simulation, it is enough to introduce a scalar boson s and a fermions as well as the MSSM particles. Here s is a mixture of the glueball and gluinoball ands is a mixture of their superpartners. We also introduce the gravitinoG as the lightest supersymmetric particle.
Constraints on gluino and squark masses
The lightest supersymmetric particle in the MSSM sector is the higgsino-like neutralinoχ 15) . Thens decays into s emitting the gravitinoG as discussed in Section 3.6. Finally, s decays into the SM particles via mixing with the SM-like Higgs boson as discussed in Section 3.5. We assume s,s, andχ 0 1 decay promptly. The gravitino would be observed as missing E T at the LHC. However, the size of missing E T depends on the mass splitting δm ≡ ms − m s betweens and s. The momentum ofG in the rest frame ofs is (m 2 s − m 2 s )/2ms ∼ δm. A typical Lorentz boost factor in the laboratory frame is given by mg ,q /ms. Thus, the amount of missing E T is roughly ∼ (mg ,q /ms)δm and the small mass splitting δm suppresses the size of missing E T [55, 56] . This mechanism weakens the constraint from null results at the LHC Run 1.
As discussed in Section 3.4, the dominant decay mode forχ 1 . The condition for decays directly to the singlino to dominate is that the transitions within the higgsino multiplet are suppressed due to small phase space, i.e. that the mass splitting δ satisfies [57] δ < ∼ 20 GeV
The values of λ S that we consider are significantly smaller than those considered in previous work on Stealth SUSY. Nonetheless, they are typically not much smaller than 10 −3 . For M 1,2 ≈ 1 to 2 TeV, typical splittings among the higgsino states are δ ≈ 2 to 5 GeV. Thus, for the parameter space that we focus on we can usually assume thatχ
±s is dominant forχ ± 1 . All this assumes that there is sufficient phase space for the decaysχ
If these are instead decays to an off-shell W , the additional phase space suppression will lead to the dominant decay being a transition withinχ ± 1 toχ 0 1 . However, for now we will always consider scenarios with sufficient phase space for a two-body higgsino decay.
We show the present constraint on our models. For simplicity, we assume the branching fraction ofs and higgsino multipletsχ 
The branching fraction of s can be estimated by the branching fraction of the SM Higgs boson, which can be calculated by using HDECAY [109] . For m s = 50 GeV,
Br(s → gg) = 0.02.
Mass dependence of the branching fractions is not significant for a small m s . We neglect other decay modes of s. The decay table and the mass spectrum for other MSSM particles are calculated by SUSYHIT [112] . At the LHC, SUSY particles are mainly produced by pair production of colored SUSY particles, i.e.gg, gq,qq andqq * . In particular, in low scale gaugino mediation, squarks are mildly lighter than the gluino. Since gluino exchange diagrams give large contributions for the squark production in such a mass spectrum, the dominant mode of SUSY particles isqq and the subdominant mode isqq * . The production cross sections for these modes are calculated at the next leading order by Prospino 2.1 [113] . We generate SUSY events by using PYTHIA 8.209 [114] , and interface them to CheckMATE 1.2.1 [115] to obtain the present constraint. CheckMATE makes use of the DELPHES detector simulation [116] , FastJet [117, 118] , the anti-k t jet algorithm [119] , and the CL s prescription for setting limits [120] . Since the dominant decay product ofχ 0 1 isG + 4b where b-jets come from decays of h and s, the jet multiplicity in SUSY events becomes large. Thus, we find that the most stringent bound comes from a search for large jet multiplicity with missing transverse momentum [7] , whose internal name in CheckMATE is atlas_1308_1841. In particular, the strongest bound is from the signal region with the number of b-jets larger than 2.
2 In Figure 8 , we show the present constraint from the LHC Run 1 data in the mg-mq plane. We can see that the bound is weaker than the case of the MSSM mass spectrum because smaller δm gives the suppression of E T . Thus we can see the stealth SUSY scenario works in our setup. Let us comment on other features of this figure. A smaller m LOSP collimates the four b-jets from the decay of the LOSP. This gives smaller jet multiplicity and reduces the efficiency of the cut, which leads to a weaker bound for a smaller m LOSP . The constraint on the region with mg < mq is more severe than the other side. If mg > mq, the branching fractions ofg →are almost independent of the flavor of q. On the other hand, for mg < mq,g → ttχ 0 1,2 , tbχ ± 1 become the dominant modes because we assume the LOSP is higgsino-like. Since the top quark is a source of missing E T due to the W boson, the constraint on the region with mg < mq is more severe.
Comments on (s)quirk phenomenology
Let us briefly describe collider phenomenology of the new vectorlike fields. This has been discussed in Refs. [78] [79] [80] [81] where the fermions charged under the new gauge group are called quirks. We mainly follow the discussions of these works and comment on some new features of the present scenario. First, consider the scalar superpartners of quirks which we call squirks. The electroweak doublet and color triplet squirks are pair-produced at the LHC. Due to the soft scalar masses, these squirks are heavier than the corresponding quirk fermions. Then, the squirk decays promptly to the quirk fermion and the hidden gaugino. The direct pair-production rates of the SM singlet scalars are highly suppressed because their couplings to the SM particles are small. On the other hand, collider phenomenology of the quirks is more involved. The direct pair-production processes for the quirk fermions are given by pp
d and so on. The heavier charged quirk fermions decay to the lighter neutral quirks. The quirk-antiquirk pairs are joined by the hidden gauge flux strings whose lengths are much smaller than 1 mm. These bound states, the quirkonia, can lose energy via hidden glueball or gluinoball emission and radiation of many soft photons before pair annihilation. The ψ fψf state can also radiate soft pions. They finally annihilate in the S-wave states. The dominant decays are the ones to the hidden glueballs or the gluinoballs. As discussed above, the Hidden Valley fields decay to the SM particles, which might lead to signals with many b-jets at the LHC.
The colored quirk and squirk can be produced by the gluino decay when the gluino mass is heavy enough. In the present scenario, the heavy gluino is hardly produced at the LHC Run 1 but is produced much more at Run 2. In this case, we should include a possible effect on the bound on the gluino mass from the gluino decay to the colored quirk and squirk. On the other hand, in our models, the colored quirks ψ f ,ψ f preserve their own baryon number and are completely stable without any extension. This might be incompatible with the standard cosmology if they are produced in significant numbers during reheating. However, we can easily extend the models by adding a renormalizable operator ∆W = λ id fΨ i + λ i Ψ uΨi (i = 0) to the superpotential and assuming the somewhat lighter singlet fermionψ i so that the colored quirks can decay [34] .
Discussions
We have proposed a framework of supersymmetric extensions of the Standard Model that can ameliorate both the SUSY Higgs mass problem and the missing superpartner problem. New vectorlike matter fields couple to the Higgs and provide new loop contributions to its mass. The new Yukawa couplings are sizable and large SUSY breaking is not needed to lift the Higgs mass. To avoid a Landau pole for the new Yukawa couplings, these fields are charged under a new gauge group, which confines and leads to a Hidden Valleylike phenomenology. Suppressing the soft masses of the new vectorlike scalars by gaugino mediation with a vanishing hidden gaugino mass leads to an almost supersymmetric Hidden Valley sector. Then, ordinary sparticles decay to exotic new states which decay back to Standard Model particles and gravitinos with reduced missing energy. As a striking feature of this scenario, many b-jets are produced in the decay chain, in particular from decays of the Hidden Valley particles, and they might be observed as many displaced vertices in jets at the LHC. We find a viable parameter space of specific benchmark models which ameliorates both of the major phenomenological problems with supersymmetry. At the LHC Run 2, MSSM gluinos can be directly produced. They partly decay to (colored) quirks and squirks as well as the ordinary sector particles. The produced quirks finally decay into SM particles through the Hidden Valley fields. Since there is a mass hierarchy between the quirks and the Hidden Valley particles, their decays produce a parton shower and signals of supersymmetric particles have large (b-)jet multiplicity. Then, it is not appropriate to use a simplified model for collider simulations. For LHC Run 2 searches, we need to develop some techniques to deal with the parton shower of the Hidden Valley particles, possibly building on previous work done in Pythia [123, 124] .
We have assumed that the cutoff scale of the new Yukawa couplings and the hidden gauge coupling is relatively low compared to the usual unification scale around 10 16 GeV. This can be justified by considering multi-fold replication of the SM gauge groups. That is, the moose (or quiver) of the SM gauge groups is spontaneously broken by some scalar link fields to the ordinary SM gauge group at some low scale. As discussed in Ref. [125] , the successful unification of the gauge couplings is maintained and the unification scale is significantly lowered. In addition, this model nicely accommodates gaugino mediation of SUSY breaking [126] . The SUSY-breaking source is separated from the gauge site to which the matter fields couple. The MSSM gauge fields can couple to the source and the MSSM gauginos get nonzero masses at tree-level while the other fields, including our new strong sector fields, do not couple to the source and their nonzero soft masses are generated by the RG effects. The scale where the moose of the SM gauge groups is broken corresponds to the mediation scale of SUSY breaking. It is an interesting (and natural) alternative that the 1st and 2nd generations of quark and lepton multiplets couple to the SUSY-breaking source. In this case, these squarks are heavy while the 3rd generation squarks remain light so that the natural SUSY spectrum can be realized. We expect that the experimental bounds on squarks in such a scenario are significantly weaker than those we have presented in figure 8 , and will resemble those discussed in [57] . The detailed analysis of this model is left for future work.
Another question in the present framework is a candidate for the dark matter in our universe. In the usual supersymmetric models, the dark matter can be explained by the lightest neutralino or the gravitino, depending on the scale of SUSY breaking. In our scenario, the lightest supersymmetric particle is assumed to be the gravitino, but the correct abundance of the gravitino dark matter gives a severe constraint on the reheating temperature after the inflation. If the gravitino is as light as O(1) eV, one possible candidate of the dark matter in the present model is the lightest hidden baryon. Since there is an unbroken baryon number symmetry in our model, the lightest particle charged under the symmetry becomes stable. It might be interesting to analyze the abundance and the observational prospect of this hidden baryon dark matter.
